Host shifts, where a pathogen invades and establishes in a new host species, are a major source of 17 emerging infectious diseases. They frequently occur between related host species and often rely on 18 the pathogen evolving adaptations that increase their fitness in the novel host species. To 19 investigate genetic changes in novel hosts, we experimentally evolved replicate lineages of an RNA 20 virus (Drosophila C Virus) in 19 different species of Drosophilidae and deep sequenced the viral 21 genomes. We found a strong pattern of parallel evolution, where viral lineages from the same host 22 were genetically more similar to each other than to lineages from other host species. When we 23 compared viruses that had evolved in different host species, we found that parallel genetic changes 24 were more likely to occur if the two host species were closely related. This suggests that when a 25 virus adapts to one host it might also become better adapted to closely related host species. This 26 may explain in part why host shifts tend to occur between related species, and may mean that when 27 a new pathogen appears in a given species, closely related species may become vulnerable to the 28 new disease. 29 56 mutations evolving independently in response to natural selection [20].
Introduction

31
Host shifts -where a pathogen jumps into and establishes in a new host species -are a major 32 source of emerging infectious diseases. RNA viruses seem particularly prone to host shift [1] [2] [3] [4] , with 33 HIV, Ebola virus and SARS coronavirus all having been acquired by humans from other host species 3 lineages (6-10 per host species). We deep sequenced the evolved virus genomes to generate over 75 740,000 300bp sequence reads from each viral lineage. Out of 8989 sites, 584 contained a SNP with 76 a derived allele frequency >0.05 in at least one viral lineage, and 84 of these were tri-allelic. None of 77 these variants were found at an appreciable frequency in five sequencing libraries produced from 78 the ancestral virus, indicating that they had spread though populations during the experiment 79 ( Figure 1) . In multiple cases these variants had nearly reached fixation (Figure 1 ).
81
We next examined whether the same genetic changes occur in parallel when different populations 82 encounter the same host species. Of the 584 SNPs, 102 had derived allele frequencies >0.05 in at 83 least two viral lineages, and some had risen to high frequencies in multiple lineages (Figure 1 ). We 84 estimated the genetic differentiation between viral lineages by calculating F ST . We found that viral 85 lineages that had evolved within the same host were genetically more similar to each other than to 86 lineages from other host species (Figure 2; P<0.001 ). Furthermore, we found no evidence of 87 differences in substitution biases in the different host species (Fisher Exact Test: p=0.14; see 88 methods), suggesting that this pattern is not driven by changes in the types of mutations in different 89 host species.
91
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Viruses in closely related hosts are genetically more similar 120 121
We investigated if viruses passaged through closely related hosts showed evidence of parallel 122 genetic changes. We calculated F ST between all possible pairs of viral lineages that had evolved in 123 different host species. We found that viral lineages from closely related hosts were more similar to 124 each other than viral lineages from more distantly related hosts ( Figure 3A ). This is reflected in a 125 significant positive relationship between virus F ST and host genetic distance ( Figure 3B , Permutation 126 test: r=0.15, P=0.002). We lacked the statistical power to identify the specific SNPs that are causing 127 the signature of parallel evolution in Figure 3 (false discovery rate >0.49 for all SNPs).
129
F ST between viral lineages from the same host 
166
While the susceptibility of a novel host is correlated to its relatedness to the pathogens' original 167 host, it is also common to find exceptions to this pattern. This is seen both in nature when 168 pathogens shift between very distant hosts [46, 47] , and in laboratory cross-infection experiments 169 [33, 34] . This pattern is also seen in our data where we also observe parallel genetic changes 170 occurring between more distantly related hosts. For example, a mutation at position 8072 was not 171 only near fixation in most of the lineages infecting two closely related species, but also occurred at a 172 high frequency in replicate lineages in a phylogenetically distant host (Figure 1 ).
174
In 
201
This processes was then repeated using the DCV samples from the first dilution series. One clone,
202
B6A, was selected for amplification and grown in cell culture as described above. Media containing
203
DCV was removed and centrifuged at 3000 x g for 5 minutes at 4°C to pellet any remaining cell 204 8 debris, before being aliquoted and stored at -80°C. The Tissue Culture Infective Dose 50 (TCID 50 ) of 205 the DCV was 6.32 x 10 9 infectious particles per ml using the Reed-Muench end-point method [53] .
207
Inoculating fly species 208 209
We passaged the virus through 19 species of Drosophilidae, with 6-10 independent replicate 210 passages for each species. We selected species from across the phylogeny (that shared a common 211 ancestor approximately 40 million years ago [35, 36] ), but included clades of closely related species 212 that recently shared common ancestors less than 5 million years ago (Figure 1 ). All fly stocks were 213 reared at 22°C. Stocks of each fly species were kept in 250ml bottles at staggered ages. Flies were 214 collected and sexed, and males were placed on cornmeal medium for 4 days before inoculation.
215
Details of the fly stocks used can be found in the supplementary materials. 
261
To generate a reference ancestral Drosophila C Virus sequence we amplified the ancestral starting 262 virus by PCR as above. PCR products were treated with exonuclease 1 and Antarctic phosphatase to 
278
Host phylogeny
279
We used a trimmed version of a phylogeny produced previously [33] . This time-based tree (where 280 the distance from the root to the tip is equal for all taxa) was inferred using seven genes with a 281 relaxed molecular clock model in BEAST (v1.8.0) [43, 57] . The tree was pruned to the 19 species used 282 using the Ape package in R [58, 59] .
283
Statistical Analysis
285
We examined the frequency of alternate alleles (single nucleotide polymorphisms: SNPs) in five 286 ancestral virus replicates (aliquots of the same virus stock that was used to found the evolved 287 lineages). SNPs in these ancestral viruses may represent pre-standing genetic variation, or may be 288 10 sequencing errors. We found the mean SNP frequency was 0.000923 and the highest frequency of 289 any SNP was 0.043 across the ancestral viruses. We therefore included a SNP in our analyses if its 290 frequency was >0.05 in any of the evolved viral lineages. For all analyses we included all three alleles 291 at triallelic sites.
293
Parallel evolution within species
295
As a measure of genetic differentiation we estimated F ST between all the virus lineages based on the 
304
To examine whether there had been parallel evolution among viral lineages that had evolved within 305 the same fly species, we calculated the mean F ST between lineages that had evolved in the same fly 306 species, and compared this to the mean F ST between lineages that had evolved in different fly 307 species. We tested whether this difference was statistically significant using a permutation test. The 308 fly species labels were randomly reassigned to the viral lineages, and we calculated the mean F ST 309 between lineages that had evolved in the same fly species. This was repeated 1000 times to 310 generate a null distribution of the test statistic, and this was then compared to the observed value.
312
To identify individual SNPs with a signature of parallel evolution within species, we repeated this 313 procedure separately for each SNP.
315
Parallel evolution between species
317
We next examined whether viral lineages that had evolved in different fly species tended to be more 318 similar if the fly species were more closely related. Considering all pairs of viral lineages from 319 different host species, we correlated pairwise F ST with the genetic distance between the fly species.
320
To test the significance of this correlation, we permuted the fly species over the Drosophila 321 phylogeny and recalculated the Pearson correlation coefficient. This was repeated 1000 times to 322 generate a null distribution of the test statistic, and this was then compared to the observed value.
323
To identify individual SNPs whose frequencies were correlated with the genetic distance between 324 hosts we repeated this procedure separately for each SNP.
326
We confirmed there was no relationship between rates of molecular evolution (SNP frequency) and 327 either genetic distance from the host DCV was isolated from (D. melanogaster) or estimated viral 328 population size (see supplementary Figures S1 and S2) using generalised linear mixed models that 329 include the phylogeny as a random effect in the MCMCglmm package in R [61] as described 330
previously [34] . We also examined the distribution of SNPs and whether they were synonymous or 331 non-synonymous (see supplementary results).
333
To test whether there were systematic differences in the types of mutations occurring in the 334 different host species, we classified all the SNPs into the six possible types (A/G, A/T, A/C, G/T, G/C 335 and C/T). We then counted the number of times each type of SNP arose in each host species at a 336 frequency above 5% and in at least one biological replicate (SNPs in multiple biological replicates 337 were only counted once). This resulted in a contingency table with 6 columns and 19 rows. We 338 tested for differences between the species in the relative frequency of the 6 SNP types by simulation
339
[62].
341
Sequence data (fastq files) are available in the NCBI SRA (Accession: SRP119720 
